throughout the whole complex, with its 5′-end bound to Csm4 and 3′-end bound to Csm5, respectively. Notably, some weak densities outside Csm5 and adjacent to the 3′-end of the constructed crRNA can be observed. To investigate the nature of the crRNA, we extracted the crRNA from the effector complex used for Cryo-EM analysis and analyzed its length through denaturing Urea-PAGE. As shown in Supplementary information, Fig. S1c , two adjacent bands of crRNA in length of approximate 30 nt are observed, both of which are far shorter than the predicted 45 nt crRNA from the CRISPR locus cloned. Therefore, the weak densities outside Csm5 could be explained as several flexible nucleotides right after the 24th nt of the crRNA. It is possible that the~30 nt crRNA is a result of aberrant crRNA processing induced by heterologous expression, 11 however, the purified ToCsm effector complex used for Cryo-EM study showed clear target RNA cleavage activity and the ability to synthesize cyclic oligoadenylates in vitro (Supplementary information, Figs. S6, S9), indicating that our structure represents an active complex. Csm4 binds to the 5′-handle of the crRNA with its thumb region interacting with the 8th nt, and the thumbs of two Csm3 subunits induce nucleotide protrusions from the backbone at the 14th and the 20th nts, resulting in 6-nt intervals consistent with the canonical mode of crRNA interaction of the Type III-B Cmr complex. 4 This indicates that Csm3 acts as an endoribonuclease to degrade target RNA in a regular 6-nt cleavage pattern 2 ( Fig. 1b, c; Supplementary information, Fig. S4 ). In different Type III CRISPR effectors, multiple copies of Csm3 form a backbone that spans the length of the crRNA. [3] [4] [5] To the best of our knowledge, our structure is the smallest Csm effector complex reported to date (Supplementary information, Fig. S5 ). This may be beneficial for modifying ToCsm effector complex into an effective gene-editing tool.
Csm1 is composed of N-terminal HD, B, zinc finger, two Palm and C-terminal D domains (Supplementary information, Fig. S7a ). The two Palm domains of Csm1, are positioned facing each other and both contain a typical ferredoxin fold, showing the classical βαββαβ topology. The Palm domains were identified as the active pocket for producing cyclic oligoadenylates in several species. 8, 9, 12 Interestingly, we observed an ATP molecule bound to the GGDD (residues 586-GGDD-589) motif in the Palm2 domain despite no ATP being added during the purification of the ToCsm effector complex (Supplementary information, Fig. S7b ). Furthermore, we solved the crystal structure of Csm1 in complex with ATP at a resolution of 1.69 Å. In the crystal structure, two ATP molecules are observed bound to the pocket that is contributed by two Palms (ToCsm1 crys −2ATP) (Supplementary Information, Fig. S7a and Table S2 ). One interacts with the GGDD loop, while the other interacts with a similar short loop (residues 292-AGGH-295) in the Palm1 domain (Fig. 1d) . Comparison of our Cryo-EM structure with the ToCsm1 crys −2ATP structure and the previously reported apoCsm1 crystal structure shows that the binding of two ATP molecules would result in slight conformational changes of the two loops (Fig. 1d) . 13 The orientation of ATP molecules present in the structure is compatible with the attack of 3′-OH of the ribose of the Palm1-bound ATP towards the α-P atom of the Palm2-bound ATP molecule (Supplementary information, Fig. S7c ). Our structure seems to present a pre-reaction state of the previously proposed cyclic oligonucleotide formation pocket, 8, 9 which should facilitate future investigation.
The detailed structural basis for the molecular mechanism by which the cyclic oligonucleotide is synthesized by Csm1 remains unclear. To better understand the underlying molecular determinants, we first superimposed the crystal structures of PfCmr2dHD-Cmr3 (Type III-B) 14 and the Cmr/crRNA/target-DNA-analog ternary complex. 4 Compared to Cmr2dHD-Cmr3, an N-terminal loop (residues D10-S26) of Cmr3 in the ternary Cmr complex swings a far distance to coordinate with crRNA (Supplementary Fig. S8a) . Intriguingly, we found that the corresponding loop in ToCsm4 is much shorter (residues P13-D17) (Supplementary information, Fig. S8b ). Our in vitro assay results showed that the ToCsm effector complex produces cOA 3 and cOA 4 apparently, but not cOA 5 or cOA 6 (Supplementary information, Fig. S9 ). As this loop is close to the ATP binding pocket (Fig. 1e) , we speculate that crRNA binding may lead to varied loop conformation and in turn affect cOA 4 or cOA 6 production by impacting the reaction pocket.
Intriguingly, sequence alignment of Csm4 between T. onnurineus and several other Csm species reported to be able to produce cOA 4 or cOA 6 showed that all the cOA 4 -producing Csm4s have a short corresponding loop (4-5 amino acids), whereas StCsm4 which produces cOA 6 bears a loop with a longer length (13-14 amino acids) (Supplementary information, Fig. S8c ). Therefore, it is worth investigating in future work whether the loop length of Csm4 is correlated to the product species.
The HD domain of Csm1 performs nonspecific ssDNA degradation in a target RNA-stimulated manner. As Type III effectors discriminate self and non-self DNA/RNA by checking the complementarity of the 5′-handle region, the activity of the HD domain is most likely modulated by the complementarity of the 5′-handle, 10 although the mechanism involved in this is unclear. It was previously predicted that a C4 zinc finger in Csm1 (residues A386-P427) may be related to the activation or repression of the HD DNase activity (Supplementary information, Fig. S10a ). 2 We found that this region exhibits poor density probably due to its disordered conformation and thus the residues cannot be built in ToCsm1 crys −2ATP structure. Intriguingly, the corresponding region is well behaved in the ToCsm effector complex as a C4 zinc finger motif (Supplementary information, Fig. S10b) , with C389 and C392 located in a loop and C413 and C416 located on the head of the following α-helix (Fig. 1f) , showing similarity to the C4 zinc finger of Cmr2 in the Cmr complex 4 and the full-length PfCmr2 alone (Fig. 1f) . 15 Previous studies showed that the mechanisms underlying HD domain activation of Types III-A and III-B may not be identical. For instance, in the absence of the noncomplementary 3′-flanking region of the target RNA, DNase is activated in PfCmr (Type III-B), TtCmr (Type III-B) but repressed in StCsm1 (Type III-A). 2 Moreover, it was predicted that an RNA-binding channel for noncomplementary 3′-flank of target RNA is located between the D2 domain and the zinc finger motif of Cmr2. We found that the B domain of Csm1, corresponding to the D2 domain in Cmr2, forms a four-stranded β-sheet, which is markedly different from the D2 domain containing a four-helix bundle (Fig. 1g) . Whereas the above-mentioned RNA-binding channel is well formed in PfCmr, the end of the channel that is close to the 5′-handle is narrower in ToCsm effector complex than that in the PfCmr complex, which may be due to the different folding type of the B domain compared with the D2 domain of PfCmr2 (Fig. 1h) . These observations may support the previous hypothesis that the zinc finger motif as well as the structure of the D2/B domain may be associated with the regulation of DNase activation. 2 Furthermore, the DNase activity of both Type III-A and III-B effectors is completely repressed when the complementary 3′-flank of target RNA is present (the self-protective state), and we found the zinc finger of ToCsm effector complex partially occupies the putative RNA-binding channel for complementary 3′-flank of target RNA. Therefore, we speculate that the complementary 3′-flank of target RNA may push the zinc finger aside from its present position to block the putative channel for noncomplementary 3′-flank of target RNA and in turn impairs the DNase activity of the HD domain (Fig. 1i) . However, further investigations are required to examine this hypothesis.
The density map of ToCsm effector complex is available through EMDB with entry code: EMD-9708. The atomic coordinates of ToCsm effector complex are deposited in the Protein Data Bank with entry code: 6IQW.
